Typical surface profile power spectra of capsules used in Nova and Omega implosion experiments are presented. All Nova capsules are essentially identical in size and composition; their differences reflect small shell-to-shell variations. Differences among the Omega capsule power spectra can be attributed to changes in material properties with doping and (very importantly) differences in processing experience. These capsule power spectra accurately reflect past and current production, but are only a starting point for future capabilities. 
I. INTRODUCTION
In a laser inertial confinement fusion (ICF) experiment,' a small capsule filled with D2 or DT is exposed to the energy (drive) from a high powered laser system, symmetrically burning off the capsule's surface in about a nanosecond, thus compressing the fuel to very high densities and temperatures. Under these conditions fusion events take place.
The square of the amplitude at each k value gives the power at that mode, and the collection of Ak2, averaged over the nine capsule traces, is the 1-D power spectrum describing the surface finish of the capsule. Assuming isotropy, the 2-D surface mode power spectrum can be calculated.* This power spectrum provides the relevant information concerning capsule surface finish for the hydrodynamic codes that calculate capsule performance, allowing comparison with experimental results. Confidence gained here allows one to use these codes in the design of NIF scale capsule targets, including the determination of the allowable surface finish.lv3
Experiments of this kind have taken place at the Lawrence Livermore National Laboratory for more than 25 years; since 1985 the 10 beam Nova laser system has been used. At the University of Rochester the recently upgraded 60 beam Omega system has been performing implosion experiments for about 2 years. At either facility, the stability of an ICF implosion depends primarily on symmetry, both in the drive and in the capsule geometry. Particularly important are the surface finish and sphericity of the outside surface of the capsule. To measure this we have developed an AFM-based instrument, the SphereMapper, for mapping the outer surface contour of a capsule.* In this technique the capsule, supported on a vacuum chuck, is rotated while an AFM records the circumferential surface profile. Typically three traces, 40 pm apart, are taken at each of three orthogonal capsule orientations. After correction for capsule offset, each of The purpose of this paper is to document the nature of the power spectra obtained from capsules that have been used in Nova experiments over the past 5 years. It is from the 0.5~mm Nova capsule data that the current 2-mm NJF capsule surface finish design goal has been determined. We will also present the power spectra of the l-mm capsules used in recent direct drive Omega experiments. Omega capsules are about half way in size to NIF capsules, thus recent Omega capsule roughness data is one indication of our progress toward meeting the NIF requirements.
II. NOVA CAPSULES
The data presented here is for -0.5-mm-diameter Novascale capsules that were shot (or served as back-ups) on Nova since 1994. These capsules have a 40-to 50+m-thick ablator composed of a CH-based plasma polymer,4 sometimes called glow discharge polymer (GDP), which is generally doped with a small amount of Ge.s About 60 capsule power spectra were examined, of which 51 had rms (modes > 10) surface finishes of less than 30 nm. The statistics for these shells are presented here. No attempt was made to examine all shells shot, but we feel that the shell data presented here are representative of "smooth capsules." 25 of the capsules date from 1994 and 1995, the remainder from 1996 and 1997.
The capsule power spectra were sorted by rms over modes 10 to 1000 into 4 groups, those with rms less than 10 nm, 10 to 15 nm. 15 to 20 nm, and 20 to 30 nm.B A comparison of older and more recent capsule power spectra showed there to be no significant improvement in capsule surface finish during this period although there were numerous changes in fabrication techniques. Of the 14 capsules with rms surface finishes less than 10 nm, half are from 1994-5 and half from 1996-7. It should be emphasized that this comparison concerns only the outer surface power spectra and not other areas such as concentricity (Pl defect) where there have been improvements. In addition, since this study examined only those capsules actually shot, it does not speak to possible increased yields of high quality ("shootable") capsules. Fig. 1 are average power spectra for each of the groups noted above. Although the sorting is dominated by the power in the lowest modes (10 to 20) it is worth noting that on average the rougher capsules are rougher at all modes. Figure 2 shows the individual spectra for five of the capsules with a surface roughness over modes 10 to 1000 of less than 10 nm. Although these are clustered tightly at modes 10 to 20, at modes greater than 30 there are significant differences in the surface roughness. For this reason the simple characterization of the capsule surface roughness by a single rms value provides only limited information. Note also that one of the capsules (rms = 9.3 nm) has exceptionally low power at modes less than 10.
Plotted in
a The choice to sort by rms over modes 10 to 1000 was largely arbitrary. The exclusion of the lower modes was primarily motivated by the large variation in the 'rms contribution from these modes, as evidenced by the data reported for mode 2 in Table I .
The roughness in this range is dominated by the basic mode 2 out-of-round amplitude, in this case about 0.05 pm (30 nm). much less than the more typical 0.3 to 0.4 pm for these capsules. Table I expands upon this analysis by reporting the range of rms values for specific modal intervals for each grouping of capsules. While the general trend that rougher capsules are rougher at all modes (comparisons along a line of the table) in an average sense is clear from Fig. 1 , it is also clear that individual capsules can have significantly different roughnesses at high mode numbers which have very little effect on the net mode 10 to 1000 capsule rms.
In concluding this section we point out the smooth curves in Figs. 1 and 2 labeled "NIF Design." This is the power spectrum being used by the designers to model the exterior surface finish of capsules for various NIF target designs, and thus represents a goal for those currently developing the technology for the production of NIF capsules. As can be seen in Fig. 1 , the NIF Design power spectrum is essentially a fit to the average power spectrum of the best Nova capsules produced. As such it represents a difficult challenge for capsule fabricators. At 2 mm in diameter the NIF capsule is four times larger than a Nova capsule. If all features of a Nova capsule were simply magnified by a factor of four, the power at each mode number would grow by a factor of 16, shifting the <5-10 nm rms> power spectrum up by more than a decade, significantly above the NIF design, thus requiring significant improvement in existing technology.
The scaling described above is an oversimplification, however. At high mode number the roughness of the capsule is due entirely to the coating technology used to apply the capsule ablator to the underlying mandrel. Thus in ;the case of a Gedoped GDP coated NIF capsule we m?ght expect at high mode numbers that the current technology would give similar absolute roughnessb to what is found on Nova capsules, perhaps de&&ed slightly because of the thicker coating.6 In fact, the preferred ablator materials for the NIF capsule are either Cudoped Be or polyimide,7 neither of which has been used for Nova capsules. Thus a major goal of the development of these technologies is the capability to deposit smooth coatings. Aspects of this work are described in this issue8 and elsewhere.9
b Roughness features of equal size on a Nova and NIF capsule are manifested differently in their power spectra because of the diameter difference. A feature that gives rise to power Pat mode k on a Nova capsule would appear with power P/4 at mode 4k on a NIF capsule.
At low mode numbers the surface finish is largely dominated by the sphericity of the underlying mandrel upon which the ablator is applied, assuming the ablator coating process does not cause capsule deformations. Producing adequately spherical mandrels may in fact be the most challenging problem, since here the asphericity generally scales with capsule size to some power for the solution techniques currently being pursued.tO Progress has been encouraging, however. Details can be found elsewhere in this issue. * t III. OMEGA CAPSULES Unlike the earlier Nova drop-tower shells,l* the mandrels for the Omega capsules are made by the poly(ccmethylstyrene) (PcrMS) based decomposable mandrel technique developed by Letts. I3 In addition, the permeation barrier, rather than the somewhat lumpy 3-pm-thick PVA layer used for Nova capsules,** is in these shells a smooth 0.1~pm-thick aluminum layer. As a result, the roughness mechanisms, and the resulting roughness power spectra, are somewhat different than those of Nova capsules. The base roughness is set by the initial PaMS mandrel, which, in the best of circumstances, is replicated on the surface of the GDP shell made from it. But handling, thickness, and doping all contribute to additional roughness on the final target.
Also unlike the Nova shells, there is no standard 'vanilla' shell. The Omega target configurations have been widely different and no single variety dominates. For this paper, we have divided the targets into 4 groups and show representative power spectra for each group in Figs. 3-6 . The diameters of all the shells are 0.9 to 1.0 mm. The shell walls vary from 3-50 pm, and can be undoped or Gedoped GDP, and can include l-pm-thick layers of titaniumor deuterium-doped GDP within a thicker layer. Each of these groups shows distinctive power spectra indicative of the particular mix of defects present on those surfaces.
In production, each of the variations had distinct problems, and for each, the production process had to be reoptimized to produce acceptable shells. As a result, the differences between the groups do not reflect ultimate process limits, but are more indicative of the amount of experience with a given configuration. As an example, the high-mode-number roughness in the power spectra of the plain GDP and Ge-GDP shells (Figs. 3 and 4) is caused by a high concentration of small domes on the surface. Recent studies have shown that such domes were the result of collisions between shells during the GDP coating process if the coating pan was crowded (~-50 l-mm shells). As it happened, -70 shells were put in the coating pan for each of those runs, while less than 20 were used for most of the other runs. Since then, a procedure in which the shells a~ rolled rather than bounced has been developed, and the problem of domes from collisions in crowded coating pans has been eliminated.lJ Future target power spectra are expected to be more nearly like those shown in Figs 10 100 1000 mode number Figure 5 . Shown are power spectra from several Omegascale-capsules produced between mid-1996 and mid-1997 with a l-pm-thick D-doped GDP layer sandwiched by plain GDP, and a total wall thickness of 20 pm. The peak at mode -8 is caused by the PclMS mandrel on which these shells were made. 
